Pneumocystis carinii causes severe pneumonia in immunocompromised hosts. The binding of P. carinii to alveolar epithelial cells and extracellular matrix constituents such as fibronectin and vitronectin is a central feature of infection, which initiates proliferation of the organism. Herein, we demonstrate that P. carinii binding to lung cells specifically alters the gene expression of the organism, regulating fungal growth. Subtractive hybridization was performed to isolate P. carinii genes expressed following binding to mammalian extracellular matrix constituents. P. carinii STE20 (PCSTE20), a gene participating in mating and pseudohyphal growth of other fungi, was identified following adherence to the extracellular matrix constituents fibronectin, vitronectin, collagen, and lung epithelial cells. The expression of PCSTE20 and a related P. carinii mitogen-activated protein kinase (MAPK) kinase gene, also implicated in signaling of mating, were both specifically upregulated by binding to matrix protein. The expression of general cyclin-dependent kinases and other MAPKs not involved in mating pathways were not altered by organism binding. PCSTE20 expression was also strongly enhanced following organism attachment to A549 lung epithelial cells. When expressed in a Saccharomyces cerevisiae ste20⌬ mutant, PCSTE20 suppressed defects in both mating and pseudohyphal growth. These findings are consistent with the observed proliferation and filopodial extension of Pneumocystis organisms adherent to the epithelium in the lungs of immunocompromised hosts. PCSTE20 expression appears to represent a significant component in the regulation of the life cycle of this intractable opportunistic pathogen.
Pneumocystis pneumonia continues to inflict severe morbidity and mortality in immunocompromised patients, including those with AIDS and malignancies (3, 19) . Even with effective treatment, the mortality of an individual episode of Pneumocystis carinii pneumonia continues to range within an unacceptable 15 to 40% (3, 19) . The binding of P. carinii trophic forms to alveolar epithelial cells and extracellular matrix components of the host such as fibronectin and vitronectin is an important component of infection (28, 30) . The attachment of the organism to host cells is associated with the extension of filopodia, which interdigitate with the membranes of host epithelial cells to mediate firm adherence (2, 18, 30, 31) . In addition, the adherence of P. carinii to lung epithelial cells has been shown to induce proliferation of the organism (5, 30) .
The continuous in vitro cultivation of P. carinii has been extremely problematic (30, 39) . Our group and others have observed limited short-term proliferation of P. carinii when the organisms are cultured on feeder A549 lung epithelial cells. We demonstrated a 5.8 (Ϯ 2.2)-fold increase in P. carinii numbers after 10 days of incubation on A549 cells (a P value of Ͻ0.05 was obtained by comparing the initial inoculum at day 0 to the organism number at day 10) (30) . Longer culture times showed declining organism numbers, and serial passage was not possible. In those studies, organism numbers were assessed by direct enumeration of P. carinii nuclei. In addition, maneuvers that prevented the adherence of P. carinii to the A549 lung epithelial cell substrate, such as separation of the organisms from the lung cells with uncoated Transwell membranes, fully inhibited this limited short-term proliferation of P. carinii. Thus, adherence of P. carinii to lung cells appears to facilitate proliferative growth of the organism.
The extracellular matrix (ECM) is a complex mixture of molecules containing, among other components, fibronectin, vitronectin, collagens, and proteoglycans. The composition of the ECM varies in different tissues and during states of injury, inflammation, and repair. Host ECM components such as fibronectin and vitronectin strongly promote the attachment of P. carinii to lung cells (26, 29, 36, 37, 44) . Other mammalian ECM components, such as collagen, can also serve as adhesive substrates for the organism (32) . The major surface glycoprotein of P. carinii (termed msg or gpA), cell wall ␤-glucans, and other fungal matrix receptors have been shown to interact with ECM proteins (11, 16, 29, (34) (35) (36) . Cognate integrin receptors on lung epithelial cells have been implicated in the mediation of interactions of matrix proteins coating the surface of the organism (37) .
Recent studies have further demonstrated multiple signaling pathways that regulate the P. carinii cell cycle (8, 9, 13, 41, 42) . However, despite evidence that P. carinii organisms substantially alter their morphology and initiate proliferation following contact with the host epithelium, surprisingly little has been learned about signal transduction mechanisms activated upon organism binding to mammalian surfaces. Such investigations may yield important clues to better understand the life cycle of Pneumocystis organisms and may provide insights for developing new agents to prevent and treat this devastating infection of immunocompromised patients.
MATERIALS AND METHODS
Strains and materials. P. carinii (American Type Culture Collection, Rockville, Md.) pneumonia was induced in dexamethasone-treated rats (6, 27) . The rat lungs were homogenized, and P. carinii was harvested by passage through 10-m-pore-size filters (Millipore) (26) . Preparations containing detectable bacteria or other fungi were discarded. Nitrocellulose membranes with separated P. carinii chromosomes were provided by Melanie T. Cushion, University of Cincinnati (4) . Saccharomyces cerevisiae strains L5366 (STE20ϩ wild type, MATa/␣ ura3-52/ura3-52 in the Sigma 1278b strain background), L5624 (MATa/␣ ste20:: TRP1/ste20::TRP1 ura3-52/ura3-52 trp1::hisG/trp1::hisG in the Sigma 1278b strain background), and JKY40 (MATa ste20::TRP1 ura3-52 leu2-3,112 his3⌬200 or his3-11,15 trp1⌬63 ade2 lys2::FUS1-lacZ in the S288c strain background) were used as described previously. The latter has a slightly leaky sterility phenotype (20) . The mating tester strain was JBY311 (MAT␣ kss1 ura3-52 lys9). The TJK1 strain of S. cerevisiae, employed in mating assays, was constructed by transformation of JKY40 with plasmid pYES2.1/PCSTE20, a vector with URA3 for selection (Invitrogen) and carrying P. carinii STE20 (PCSTE20) under control of the GAL1 promoter. The TJK2 strain of S. cerevisiae, used for studying pseudohyphal growth, was similarly derived from strain L5624 transformed with pYES2.1/PCSTE20.
Isolation of P. carinii transcripts induced by adherence to ECM collagens. Freshly isolated P. carinii organisms (2 ϫ 10 6 ) were suspended in Dulbecco modified Eagle medium with 10% fetal calf serum, containing penicillin (10 g/ml), gentamicin (4 g/ml), and amphotericin (0.5 g/ml), applied either to Transwell inserts coated with an equimolar mixture of types I and III collagen or uncoated tissue culture inserts (Becton-Dickinson, Inc., Bedford, Mass.), and incubated at 30°C for 2.0 h, and total RNA was isolated. This time of incubation was selected because it was consistent with a period in which P. carinii is known to adhere to ECM components but before any observable changes in organism numbers were observed in prior studies (26, 28, 29) . Subtractive hybridization was used to isolate genes induced by P. carinii binding to matrix-coated surfaces, as previously reported (14) . To obtain separate commonly expressed genes from those of interest, a pool of driver mRNA (P. carinii incubated on uncoated surfaces) and target mRNA (P. carinii incubated on collagen) were bound to oligo(dT) Dynabeads (Dynal, Inc.) for 10 min at room temperature, the supernatant was removed, and the beads were washed three times. Over multiple rounds of subtractive hybridization, a gene with strong homology to Ste20 kinase genes was identified. The full-length PCSTE20 cDNA was obtained by probing a rat-derived P. carinii cDNA library in Uni-ZAP XR phage (National Institutes of Health AIDS Research Reagent Program, Bethesda, Md.). Hybridizing clones were plaque-purified to homogeneity, and both DNA strands were sequenced.
Southern and Northern hybridization. A 371-bp PCSTE20 probe was generated between bp 507 and 878 of PCSTE20. Southern hybridization was performed with digested P. carinii genomic DNA or whole P. carinii chromosomes separated by contour-clamped homogeneous electric field electrophoresis as described previously (4, 21, 22) . To verify that PCSTE20 expression was induced upon P. carinii binding to collagen, RNA was isolated from P. carinii incubated for 2.0 h under the exact conditions used for subtractive hybridization. Total RNA (5.0 g) was separated by electrophoresis, and Northern hybridization was completed for PCSTE20 as reported previously (21) . Northern hybridizations were similarly performed for other P. carinii target genes, including MAPK (involved in mating pathways), MKP1 (participating in cell wall integrity), and CDC2 and CDC13 (cell cycle regulatory genes) (8, 23, 41, 42) .
Effect of matrix and A549 lung cells on PCSTE20 expression. Transwell inserts were coated with fibronectin, vitronectin, or albumin (10 g/cm 2 ) in 0.1 mM NaHCO 3 by overnight incubation, followed by washing. P. carinii organisms (2 ϫ 10 6 ) were incubated on the inserts for 2.0 h, and Northern hybridization was performed for PCSTE20 in Dulbecco modified Eagle medium in the presence of 10% fetal calf serum exactly as described in the original subtractive hybridization protocol. PCSTE20 expression was also evaluated after culturing P. carinii organisms (2 ϫ 10 6 ) on A549 cells (1 ϫ 10 6 per well) or uncoated inserts suspended above the A549 cell layers for 2 h. The presence of serum in the culture medium was necessary in order to maintain the viability of the P. carinii organisms as measured by recovering intact RNA. While serum contains some fibronectin and vitronectin, these soluble matrix proteins themselves did not alter the expression of PCSTE20. In preliminary studies, no induction of PCSTE20 gene expression was noted when P. carinii was incubated on uncoated plastic or on bovine serum albumin (BSA)-coated surfaces in the presence of media containing serum.
Regulation of PCSTE20 expression in separated life cycle forms of P. carinii. Whole P. carinii isolates were separated into cyst and trophic form populations by differential filtration (21, 41) . In brief, P. carinii cysts are retained by 3-mpore-size Nuclepore filters and resuspended after exhaustive washing. P. carinii trophic forms pass through the device and are recovered by centrifugation. This separation procedure yielded trophic form populations containing 99.5% trophic forms and cyst preparations, which were 40-fold enriched (41) . Isolated cysts or trophic forms (50 ϫ 10 6 ) were cultured on either collagen-coated inserts or directly on A549 cells for 2.0 h. RNA from the P. carinii forms was analyzed for PCSTE20 expression by Northern hybridization.
Suppression of defects in pseudohyphal growth and mating in an S. cerevisiae ste20⌬ strain by PCSTE20. Studies of P. carinii gene function are hindered by the inability to culture and transform this organism (39) . Thus, analysis of gene function has been addressed by heterologous expression of P. carinii proteins in other fungi (22, 41) . To address the potential role of PCSTE20 in pseudohyphal morphology change, an S. cerevisiae ste20⌬ mutant (L5624) was transformed with PCSTE20 (20) . Transformants were selected by uracil auxotrophy and evaluated for pseudohyphal growth on synthetic low-ammonium medium with galactose (SLAG medium) containing yeast nitrogen base without amino acids (6.7 g/liter), galactose (20.0 g/liter), ammonium sulfate (7.0 mg/liter), and agar (40.0 g/liter) (12) . S. cerevisiae L5624 transformed with vector alone and wild-type S. cerevisiae (L5366) were studied in parallel.
Finally, the ability of PCSTE20 to restore the mating ability of sterile S. cerevisiae ste20⌬ mutant strains was also evaluated. The ste20⌬ strain JKY40 (MATa) was transformed with PCSTE20 and assessed for mating with the MAT␣ tester strain JKY311 by the replica patch method (20, 22) . Specifically, the ste20⌬ strain JKY40 had mutations in the biosynthesis pathways of leucine, histidine, adenine, lysine, and uracil. The defect in uracil biosynthesis was complemented by the vector for PCSTE20, but on minimal medium lacking the amino acids listed above, JKY40 could not grow. The tester strain, JBY311, was wild type for the biosynthesis genes, which were defective in JKY40. Conversely, the tester strain had a mutation in a different gene in the lysine biosynthesis pathway, which was wild type in JKY40. Thus, JBY311 was also unable to grow on minimal medium. If the two strains mated, each would bring to the resulting diploid the biosynthesis genes defective in its mating partner. The resulting diploid would therefore be able to grow on minimal medium. If the sterility of the ste20⌬ strain JKY40 was complemented by PCSTE20, mating with the tester strain could occur and diploid cells would grow on the minimal medium. A multiplex PCR assay was further employed to demonstrate both the MATa locus (544-bp PCR product) and the MAT␣ locus (404-bp product) following mating (17) . Finally, the efficiency of diploid formation in the presence of PCSTE20 was additionally determined by quantitative mating assays, as described previously (43) .
Nucleotide sequence accession number. The PCSTE20 coding region that was isolated in this study has been submitted to GenBank under accession number AF332388.
RESULTS
PCSTE20 is expressed by P. carinii following interaction with ECM collagen. P. carinii binding to lung cells is facilitated through strong interactions with ECM proteins, including collagens (29, 32, 36) . To characterize P. carinii gene activation resulting from interactions with mammalian surfaces, we implemented a PCR-based subtractive hybridization strategy to detect transcripts induced upon P. carinii binding to collagencoated surfaces. Using this method, we isolated a 2.1-kb coding region that was homologous to the Ste20/p65 PAK protein family and designated it PCSTE20 (GenBank accession no. AF332388). The subtractive hybridization screen was verified by Northern hybridization under conditions identical to those in the screen, confirming an enhanced amount of PCSTE20 mRNA transcript following binding of the organism to collagen-coated surfaces compared to that on uncoated plastic (Fig.  1) .
To verify that the isolated PCSTE20 was truly derived from Pneumocystis, we assessed its ability to hybridize specifically to separated P. carinii chromosomes and genomic DNA (Fig. 2) . A 371-bp PCSTE20 probe hybridized to a single P. carinii chromosome ( Fig. 2A) , confirming its presence within the organism's genome, and to a single location on P. carinii genomic DNA digested with EcoRI or HindIII, suggesting it is represented as a single copy (Fig. 2B) . A PCSTE20 gene has also been recently identified as part of a putative mating locus discovered through the P. carinii genome project (40) . Ste20 protein (Ste20p) has been implicated in mating and morphological changes in fungi (10, 25, 38) . Analysis of the predicted P. carinii Ste20p revealed it to be homologous to other fungal Ste20 proteins involved in growth regulation (Fig.  3) . BLASTX analysis of the PCSTE20 product revealed the sequence to be most homologous to that of Cryptococcus neoformans Ste20 alpha kinase (51%). It also had significant homology to S. cerevisiae Ste20p (41%).
Fibronectin and vitronectin enhance expression of PCSTE20. Since fibronectin and vitronectin are known to strongly participate in P. carinii attachment to lung cells, PCSTE20 expression was assessed following binding to these mammalian ECM components (Fig. 1) . Enhanced PCSTE20 expression was detected when P. carinii organisms were adherent to both fibronectin-and vitronectin-coated surfaces in a fashion comparable to that to collagen surfaces. In comparison, both BSA-coated and uncoated plastic surfaces failed to alter PCSTE20 RNA levels. Thus, the adherence of P. carinii to a variety of mammalian matrix proteins present in the lower respiratory tract induces PCSTE20 expression by the organism.
Interaction of P. carinii with lung epithelial cells promotes expression of PCSTE20. Adherence of P. carinii to lung epithelial cells is a central feature of infection, which promotes proliferation of the organism (5, 30) . Thus, the expression of PCSTE20 was further evaluated when P. carinii organisms were cultured directly on A549 lung epithelial cells (Fig. 4A) . Similar to the findings with surfaces coated with ECM constituents, P. carinii attachment to A549 cells also significantly stimulated PCSTE20 expression compared to that resulting when P. carinii was incubated on uncoated culture inserts cocultured above, but not in direct contact with, A549 cells. RNA from A549 cells alone exhibited no cross-hybridization to PCSTE20, confirming the specificity of the probe for Pneumocystis-derived STE20.
It has previously been shown that the adherence of P. carinii to A549 lung epithelial cells induces limited proliferation of the organism (30) . To additionally investigate whether expression of PCSTE20 represented a specific signaling response following organism binding to epithelial cells, or instead reflected generalized gene expression accompanying limited organism proliferation, we analyzed the expression of other P. carinii mitogen-activated protein kinases (MAPKs) and genes implicated in P. carinii life cycle regulation (Fig. 4) . Accordingly, we assessed the effect of P. carinii binding to A549 cells FIG. 1. Mammalian matrix proteins implicated in P. carinii adhesion to lung epithelium induce PCSTE20 expression in the organism. P. carinii organisms were cultured on tissue culture inserts coated either with collagen, vitronectin, fibronectin, or BSA, or inserts left uncoated (control). RNA was isolated and examined for PCSTE20 expression. Collagen-, vitronectin-, and fibronectin-coated surfaces induced expression of PCSTE20. In contrast, neither the BSA-coated nor the uncoated plastic surfaces induced expression of this gene. Equal loading of RNA was confirmed on the ethidium-stained gel prior to transfer.
FIG. 2. (A) PCSTE20
hybridizes to a single P. carinii chromosome under high-stringency conditions. Lane 1, P. carinii chromosomes resolved by contour-clamped homogeneous electric field electrophoresis and stained with ethidium bromide. P. carinii chromosomes isolated from a single rat were separated. Lane 2, P. carinii chromosomes were transferred to nitrocellulose and hybridized to the 371-bp 32 P-labeled PCSTE20 probe. The PCSTE20 probe hybridized specifically to one P. carinii chromosome. (B) PCSTE20 is specifically represented within Pneumocystis genomic DNA. PCSTE20 cDNA was radiolabeled and hybridized to P. carinii genomic DNA digested with EcoRI or HindIII as indicated. PCSTE20 was present in one location for each analysis. Parallel digestion and hybridization of Candida albicans DNA yielded no hybridization. (7, 42) . We further analyzed expression of PCMKP1, a distinct MAPK gene participating in maintenance of cell wall integrity, and PCCDC2 and PCCDC13, cyclin-dependent kinase genes mediating cell cycle regulation of this organism (8, 23, 41) . Notably, the expression of PCMAPK, another gene participating in the mating of other fungi, was similarly induced by the interaction of P. carinii with A549 epithelial cells (Fig. 4B) . In contrast, expression of PCMKP1 and the cyclin-dependent kinase genes PCCDC2 and PCCDC13 were not altered by the organism binding to A549 lung cells (Fig. 4C to E) . Thus, the enhanced expression of 4 . Adherence of P. carinii to A549 alveolar epithelial cells specifically induces expression of PCSTE20 and PCMAPK, which participate in fungal mating pathways. To assess whether lung epithelial cells also promote expression of PCSTE20, P. carinii was cultured either directly adherent to A549 lung cells (P. carinii on A549's) or separated from A549 cell monolayers by uncoated Transwell membranes (P. carinii over A549's) for 2 h. (A) Direct adherence of P. carinii to A549 lung cells enhanced PCSTE20 mRNA expression in the organism. In contrast, those organisms cocultured on uncoated tissue culture membranes separating them from the A549 cell layers did not exhibit enhanced expression of PCSTE20. RNA derived from A549 cells cultured without P. carinii exhibited no cross-reactivity to the PCSTE20 probe. Relative RNA loading was again verified by ethidium bromide staining of rRNA. (B) In a similar manner, PCMAPK, a kinase gene also implicated in fungal mating, showed enhanced expression following direct interaction with A549 lung cells. (C) In contrast, a distinct P. carinii kinase gene, PCMKP1, a gene involved in maintaining cell wall integrity, was expressed at a lower level and was not substantially altered by incubation of the organism on lung epithelial cells. (D and E) Furthermore, the P. carinii cyclin-dependent kinase gene PCCDC2 (D) and the cognate cyclin gene PCCDC13 (E) were also not induced following the binding of P. carinii to A549 lung cells.
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PCSTE20 and PCMAPK, involved in initiation of fungal mating, appears to be specifically expressed by the organism in response to interactions with lung epithelial cells. There was absolutely no cross-reactivity for either the PCSTE20 or PCCDC2 probes with RNA derived from A549 cells, indicating that the mRNA of interest was derived from P. carinii. The probes for PCMAPK, PCMKP1, and PCCDC13 hybridized to P. carinii RNA at the appropriate molecular weight but also cross-hybridized slightly to mammalian RNA at a significantly higher molecular weight in the somewhat overloaded A549 cell RNA lanes. Nonetheless, the P. carinii-related hybridizations were easily discerned at the appropriate lower molecular weight, and thus contaminating RNA from the A549 cell substrates did not confound the interpretation of the relative changes of P. carinii gene expression following interaction with the lung cell substrates.
PCSTE20 expression is differentially regulated over the life cycle of P. carinii. The life cycle of P. carinii alternates between diminutive trophic forms (1 to 2 m in diameter) and larger cysts (8 m) (2, 31) . Studies have further shown that trophic forms, but not cysts, closely interact with the alveolar epithelium (2) . To study PCSTE20 expression over the organism's life cycle, P. carinii trophic forms and cysts were separated and PCSTE20 expression was analyzed with and without binding to collagen (Fig. 5A) . Basal PCSTE20 RNA levels in trophic and cyst forms were roughly similar. However, following binding to the collagen, PCSTE20 expression was stimulated only in the trophic form. Enhanced PCSTE20 expression was also observed following incubation of trophic forms, but not cysts, on A549 lung epithelial cells (Fig. 5B) . Thus, the ability of P. carinii to regulate PCSTE20 expression in response to mammalian surfaces appears to be entirely restricted to trophic forms, the life cycle form which actively interacts with lung epithelial cells.
PCSTE20 suppresses both the morphological and mating defects in an ste20 mutant yeast strain. STE20 genes mediate morphological changes such as pseudohyphal growth in S. cerevisiae and other fungi (10, 20) . Although P. carinii does not possess a true filamentous or pseudohyphal phase, it does exhibit a prominent extension of filopodia following interaction with lung cells (2, 28) . To evaluate whether PCSTE20 could function in signaling morphology changes, we investigated the ability of PCSTE20 to induce pseudohyphal growth in an S. cerevisiae mutant strain deficient in endogenous STE20 kinase activity (20) . To test this, an S. cerevisiae ste20⌬ mutant (L5624) was transformed with either vector alone or PCSTE20 and cultured on SLAG medium, which induces pseudohyphal growth of the wild-type strain (L5366) (Fig. 6) . PCSTE20, but not vector alone, fully restored pseudohyphal morphology in the ste20-deficient yeast strain.
Recent studies demonstrating the presence of a putative mating locus and related genes in P. carinii have suggested the existence of a pheromone-driven mating pathway in this organism, though direct proof of mating remains elusive (40, 42) . Ste20 kinases also have been implicated in, among other activities, mating signaling in fungi (15, 20, 43) . To address the potential role of PCSTE20 in mating, we expressed PCSTE20 in the sterile S. cerevisiae ste20⌬ strain. The ste20 mutant strain JKY40 (MATa) was transformed with either vector alone or PCSTE20 and mated with the MAT␣ tester strain JBY311 by using the replica patch method (Fig. 7 ). Diploids were selected by using media lacking leucine, uracil, and tryptophan. Replica patch mating performed with vector alone yielded only rare colonies, due to the slight leakiness in the sterility phenotype of the parental S. cerevisiae ste20⌬ strain (20, 24) . In contrast, transfection with the Pneumocystis gene PCSTE20 conferred abundant mating in this previously sterile mutant yeast. Multiplex PCR of the MATa (or MAT␣) loci further confirmed successful mating in the replica patch mating assays (Fig. 7) .
Quantitative mating assays were further performed to determine the efficiency of diploid formation in the presence of the Pneumocystis gene PCSTE20 (43) . The frequency of diploid formation after 4-h matings of the JKY40 strain transformed with PCSTE20 was 46.7%. In contrast, matings of the JKY40 strain transformed with pYES2.1 vector alone yielded only 1.4% diploids. For comparison, the diploid formation frequency of the JKY48 strain (S. cerevisiae ste20⌬ mutant) restored with wild-type S. cerevisiae STE20 was 53.1%. Thus, PCSTE20 permits efficient mating comparable to that of the wild-type S. cerevisiae STE20 gene when heterologously expressed in the otherwise sterile ste20⌬ yeast strain. on October 14, 2017 by guest http://iai.asm.org/ DISCUSSION P. carinii exhibits a profound tropism for the lower respiratory tract, representing the preferred biological niche for this important opportunistic pathogen. P. carinii organisms tightly attach to lung epithelial cells by closely apposing their filopodial membranes with those of host cells without fusion or phagocytosis (2, 28, 31) . The functional consequences of these interactions have long been elusive. Consistent growth of the organism has never been demonstrated outside the lung, and continuous axenic culture of P. carinii in defined media has not been established (39) . However, self-limited proliferation of P. carinii has been shown to occur when Pneumocystis organisms attach to cultured lung epithelial cells (5, 30) . The present study advances our understanding of the host-organism relationship in this important infection. Using a global genetic strategy, we demonstrated that PCSTE20 and PCMAPK, signaling molecules that participate in fungal mating pathways and morphology changes, are strongly induced by adherence of P. carinii organisms either to alveolar epithelial cells or to mammalian ECM proteins including fibronectin, vitronectin, and collagen.
Pneumocystis species have evolved redundant mechanisms to ensure stable interactions with the lung epithelium. P. carinii binds to fibronectin through its mannose-rich major surface glycoprotein complex, termed gpA (36) . In contrast, vitronectin interacts with high-molecular-weight components of the organism's surface through the glycosaminoglycan-binding region of this matrix molecule (29) . Both fibronectin and vitronectin strongly facilitate P. carinii adherence to cultured epithelial cells and immobilized matrix (29, 36) . Attachment of P. carinii to matrix in the absence of feeder cells does not promote proliferation in culture. Additional investigations suggest that ␣ v , b 1 , and ␣ 3 integrin receptors, present on lung epithelial cells, facilitate P. carinii attachment (37) .
The induction of PCSTE20 in response to mammalian ECM components and lung epithelial cells may be a unique response of this organism to its environment. Interestingly, culture of the nonpathogenic yeast S. cerevisiae on purified matrix com- on October 14, 2017 by guest http://iai.asm.org/ ponents such as fibronectin or collagen or on lung epithelial cells failed to cause any STE20 induction in that species (data not shown). The reasons why P. carinii has evolved this response to express PCSTE20 and PCMAPK in response to mammalian ECM components and epithelial cells are not fully known. One may speculate that recognition of ECM molecules, such as fibronectin and vitronectin, and epithelial cells, such as those found in lung, may be one of several means that the organism uses to determine that it is within an environment conducive for a variety of processes cognate to its life cycle and the establishment of infection, including alterations in shape and mating. These signals at the epithelial surface may be integrated with other environmental information, including pH and perhaps oxygen tension, to determine that conditions are ideal for metabolism and proliferation of the organism (22) . Ste20 protein kinases are active in a variety of signaling pathways in yeast species. These include maintenance of cell wall structure, in addition to morphology alteration and mating pathways (10, 20, 25, 33, 38) . We focused our studies on two of these important activities. Pseudohyphal growth was studied as a prototypical signaling pathway associated with changes in organism morphology. Although P. carinii exhibits neither a true hyphal nor a true pseudohyphal phase, it does exhibit profound shape alterations characterized by filopodial extensions following binding to the host (2, 30, 31) . Heterologous expression of PCSTE20 in an S. cerevisiae ste20⌬ strain conferred pseudohyphal growth. These heterologous expression studies support our postulate that the morphological changes of P. carinii following epithelial binding may represent such a homologous morphological change. Furthermore, we provide the first functional evidence that PCSTE20 can function in mating signaling pathways when heterologously expressed in S. cerevisiae. Direct assessment of these activities in P. carinii will await availability of methods to culture, transform, or disrupt gene function in this organism.
The formation of pseudohyphae by Saccharomyces and other fungi results in filamentous structures comprised of multiple cells divided by septa, a process requiring remodeling of the fungal cell wall (10) (11) (12) . In contrast, P. carinii trophic forms extend filopodial projections to appose their cell membranes directly to the membranes of host epithelial cells. Cystic forms may also be associated with the alveolar epithelium, but they lack such filopodial extensions. The formation of filopodia by P. carinii is likely mediated by rearrangement of the actin cytoskeleton (28) . While it is clear from our experiments that PCSTE20 can complement the functional defects in pseudohyphal growth in an ste20 mutant yeast strain, the exact role of PCSTE20 in mediating morphology changes within P. carinii cannot presently be determined.
Most available evidence indicates that adherence of P. carinii to the alveolar epithelium benefits the organisms through enhancement of growth. However, the interaction is not without deleterious consequences to the host (26, 28, 30) . Epithelial cells with adherent P. carinii appear vacuolated and exhibit abnormal electrical potential gradients (1, 31) . Furthermore, the adherence of P. carinii to cultured epithelial cells reduces the ability of these cells to replicate, thereby slowing repair of damaged alveolar units during P. carinii pneumonia (26, 28) .
Although Pneumocystis organisms observed in animals and humans with pneumonia demonstrate characteristic interactions with alveolar epithelial cells, many organisms are found within alveolar spaces, unattached to epithelium but enmeshed in proteinaceous exudates. These exudates contain substantial quantities of fibronectin, vitronectin, and the collectin (collagen-lectin) surfactant proteins SP-A and SP-D. It is plausible that these exudates may therefore further stimulate PCSTE20 expression in P. carinii organisms that are not physically attached to alveolar epithelium. Additional studies will be needed to determine the regional expression of PCSTE20 in P. carinii organisms present in the alveolar spaces during pneumonia.
In summary, the present study demonstrates that PCSTE20 is strongly and specifically expressed along with the mating pathway gene MAPK following interactions of P. carinii trophic forms with alveolar epithelial cells and matrix proteins. Expression of PCSTE20 in ste20-deficient yeast strains indicates that this protein can function in signaling pathways mediating morphological changes and mating. The induced expression of PCSTE20 following contact of the organism with lung epithelial cells is consistent with the proliferation and filopodial extension of Pneumocystis organisms consistently observed in the lungs of immunosuppressed hosts. Additional characterization of Ste20 kinase activity in P. carinii should provide important functional correlates to enhance our evolving understanding of life cycle regulation in this intractable opportunistic fungal pathogen.
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